Abstract-There is currently a big thrust for integrating renewable resources to the electric grid. With increasing variable generation the need for energy storage devices has escalated. Traditional storage devices have bulky 60 Hz transformer to provide the electrical isolation from the grid. But, with the advent of advanced magnetic materials, power electronic topologies with high frequency link transformers are being researched. These systems have high power density and can be quickly dispatched for remote installations. This paper presents the design of the energy storage system consisting of the three phase rectifier and bi-directional dual active bride converter. It presents a methodology to optimize the switching frequency of the dual active bridge converter by minimizing the volume of the transformer and the total losses in the system. Frequency dependent and independent terms are aggregated and minimized over the range of switching frequency.
I. INTRODUCTION
Solar, wind and other renewable resources are increasingly contributing to the existing power grid. Grid connected photovoltaics continues to be the fastest growing renewable sector followed by wind energy. The US capacity in solar was up by 85 % in 2012 to 7.2 GW [1] whereas, the US installation in wind power went up by 13.1 GW adding up to 60 GW operating power by the end of 2012. These renewable power supplies are variable in nature due to changing meteorological conditions. High penetration of these fluctuating sources can introduce technical challenges including power quality, reliability, protection and control [2] , [3] .
The system stability and operational safety can be greatly improved by energy storage systems (ESS) [4] . Storage systems provides load leveling, peak shaving, voltage, power factor control and frequency regulation. ESS is also essential in dispatching the output power of a renewable resource within a supply-demand controlled market [5] . The focus on transportable battery energy storage system (TBESS) has been increasing recently for its modular design, quick deployment to remote areas and faster installations. The scale of these grid solutions range from few hundred kilo watts to few megawatts [6] . A traditional grid-tied energy storage systems utilizes a bulky 60 Hz medium voltage transformer followed by the power conversion system [7] as shown in Fig. 1 . These TBES systems are typically constructed in a 40-50 foot freight containers with space inside these containers being a premium.
This research work focuses on replacing the line frequency transformer with a high frequency isolated dc-dc converter to fabricate a modular design with high power density. [8] identifies three topologies relevant to battery storage application. They are a) modular two-stage comprising dc-dc isolated boost converter and a pulse-width modulated dual phase inverter b) modular threestage converter with a cascaded full-bridge based multi-level rectifier, dc-dc full bridge converter and PWM inverter and c) three-stage topology with diode-clamped multilevel rectifier, dc-dc full bridge converter followed by an inverter. Among these converters the three-stage dual active bridge (DAB) based topology is preferred for its many advantageous features such as zero-voltage switching, modular design, high power density and simplified controls [9] , [10] . Fig. 2 depicts the schematic of the energy storage system based on the bi-directional isolated dc-dc converter with a high frequency transformer (HFT). DAB has two symmetric single-phase full bridge converters which allows seamless, dynamic reversal of power flow by adjusting the phase shift between the two bridges.
Optimization techniques are essential in obtaining an efficient DAB design with the highest attainable power density. This can be achieved by estimating the switching and conduction losses in the DAB along with losses in the HFT such as copper, iron losses and proximity effects due to high frequencies and minimizing them. Design procedures in [11] , [12] , [13] fixes the operating switching frequency and the core dimensions in some cases to determine the optimum winding configurations, leakage inductance or the flux density. This paper primarily focuses on optimizing the switching frequency of the DAB to obtain a low loss, minimum volume design which involves 1) selection of core dimension relevant to the power level and expressing it as a function of frequency 2) 
II. SYSTEM CONFIGURATION AND OPERATING PRINCIPLE
The system consists of a 950 V battery storage system based on a 250 kW bi-directional converter. The converter is connected at the point of common coupling to a 480V ac mains through an LCL-type filter. The DC bus link is regulated to keep the voltage ratio of the transformer close to unity.
A. Front-end Converter
A voltage source converter (VSC) employing six bidirectional switches works as the active rectifier feeding the dc bus. The front end converter regulates the dc link voltage and also follows any reactive power command from the grid. With a 2-level converter configuration, space vector modulation is employed to minimize current THD injection into the grid. VSC comprises of six Infineon 1600V/ 400A IGBT switches to meet the desired voltage and current limits. The filter elements are evaluated to keep the total harmonic distortion of the current below 3% of the fundamental.
The dc link capacitance serves as an energy buffer between the rectifier and the dc-dc stage. It is designed to withstand the input rms current of the DAB with a requirement in the maximum voltage ripple to be 1% of the nominal DC link voltage. Four Cornell Dubilier 948D capacitors with voltage ratings of 1200V where chosen to form the DC bus.
B. Isolated Bi-directional DC-DC Converter
Fig. 2 depicts a dual active bridge converter with two symmetrical single-phase full-bridge configuration. Both the bridges are identically designed with 4 Infineon 1600 V/400 A IGBT's (FZ400R17KE4). The switches in both the bridges are typically driven by square waveforms of 50% duty ratio and the power flow is controlled by phase-shifting the voltage waveforms between the bridges. The difference between the two bridge voltages appear across the leakage inductance of the transformer and determines the transformer current. The net power flows from the leading bridge to the lagging bridge, hence bi-directional flow can be easily realized. Fig.  3 illustrates the theoretical waveforms of the dc-dc converter where V dc1 > V dc2 . The designed primary to secondary turns ratio, n of the transformer is 1:1. The power flow is given by the expression in (1) .
Where, V dc1 is the input voltage to the dual active bridge converter, m is the voltage ratio (V dc2 /nV dc1 ), f being the operating frequency and φ is the phase shift in voltage applied between the bridges. The value of current i L at the start of interval 1 is considered as i L0 and i L1 is the value at the end of interval 1 as shown in Fig.3 . The solution for i L0 and i L1 can be obtained using the symmetry condition and is given by [9] 
and the angle α S is given by expression i L0 /(m + 1). The corresponding rms value of the current i L is
The leakage inductance L required to maintain the power flow was estimated to be 36μF by choosing the phase shift at rated power to be 60 • at a nominal switching frequency of 10 kHz. The leakage inductance value changes with the optimal frequency solution, but the transformer dimensions are unaffected as the inductance is controlled by the air gap in the leakage layer of the core. The converter was designed to maintain complete soft-switching at 25% of the rated power, thus the total capacitance across the switch is calculated to be 20nF [10] . Table I summarizes the circuit parameters of the dc-dc converter. 
III. LOSS AND VOLUME ESTIMATION
With the introduction of a high-frequency transformer the size and weight of the conversion system reduces significantly. Although the desired volume reduction is attained, losses in the system increases with high frequency. Thus a trade-off between these quantities is required to obtain the optimal switching frequency. The volume of the converter including the heat sink is not considered in this analysis. The switching frequencies of the front-end and the dc-dc stage are different and the work aims at the achieving the best design for the DAB converter and HFT.
A. Transformer Volume Estimation
Magnetic core manufacturers identify the power handling capacity of the cores by assigning them with a number called the area product A p (cm 4 ). The area product of a core is the product of the available window area W a (cm 2 ) multiplied by the effective cross-sectional area A c (cm 2 ) [14] .
The power handling capacity of the core is related to the area product by the equation
where, S is the total volt-amp rating of the transformer (VA),K w is the window utilization factor, J max is the current density (A/cm 2 ), ΔB max is the flux density swing(T) and f is the switching frequency (Hz). For the desired power level in this analysis, off the shelf cores are not available. Thus, data extrapolation from the existing C-cores were made and a linear relationship between the volume and mass versus the area product was established. The area product A p is a length dimension to the fourth power (l 4 ), whereas the volume is a length dimension to the third power (l 3 ). Table II shows the available standard C-core dimensions and their corresponding area product [15] . Fig. 5 illustrates the linear data fit performed in Matlab. The volume and mass of the core are related to A p by the following expression.
The total volume of the transformer consists of the cuboidal 
The ratio of W a to A c for the comparable C-cores was averaged to be 2.35. Similarly, the ratio of dimension D to E and G to F were averaged for the cores in Table II 
B. Copper loss in the transformer
The copper loss of a transformer depends on the rms current through the components and its ac resistance in the winding. The power loss is
where, N pri is the number of turns in the primary of the transformer, ρ is the resistivity of copper, l is the mean turns length, A cond is the cross sectional area (cm 2 ) and K r = R ac /R dc is the ac-resistance coefficient. The resistance coefficient captures the effects due to both skin and proximity effects. The expression for a round wire winding is
where
The diameter of the wire is given by d, m is the number of winding layers and the skin depth δ (η) = 1/ √ π f μ 0 ση is a function of frequency and fill factor η [16] . The diameter of the litz wire used is considered to be equal to the skin depth, hence the desired diameter varies with frequency. The ac resistance coefficient is estimated to be a constant value of 1.275.
The dc resistance of the wire depends on the number of turns and the mean turns length of the winding. Both these parameters are frequency dependent as the core size changes in the optimization procedure. The number of turns is
an the mean turns length (l) is given by l = 2(E + D) + πF/2 where, E, F and D are transformer core dimension. 
C. Iron loss in the transformer
A common method to characterize the core losses is the steinmetz equation [17] , [18] . This equation groups the hysteresis and eddy current losses together and the gives the core loss per unit as a function of flux density (T) and frequency (Hz). The constants k,α and β are determined by data sheets of the ferrite material manufacturer. The Steinmetz equation is valid only for sinusoidal flux waveforms and is inaccurate for materials with non-sinusoidal fluxes. To overcome this limitation modified a steinmetz equation is proposed in [19] .
In case of the DAB converter operating at rated power with 60 • phase shift the modified equation simplifies to
The total iron losses in a 3C93 ferrite core is (20) Watt per gram times the mass of the core as estimated in (7).
D. Optimal flux density calculation
The core flux density as a function of frequency can be derived by the expressions (16) and (21) . The total transformer power loss P t is
The above expression has a minimum term in the (ΔB. f ) domain as the first term is inversely proportional and the second term directly proportional to the product. The optimal value of ΔB yields the minimum transformer loss and maximum efficiency solution and can be derived by equating the derivative of (22) to zero.
which results in ΔB = 21.557 f 0.425 (24)
E. Loss estimation in DAB
The paper approximates the on-state voltage across the IGBT, V T and the forward voltage drop across the diode V D to be constant independent of the current flow across them. Conduction losses in the DAB can be analytically derived and is shown in the following equations [20] 
Since the optimization procedure is performed at the rated power level, the DAB operates well within the soft-switching at this condition. When the converter operates in ZVS, the switches are turned on with zero voltage and turned off with soft switching. Hence, only the turn-off losses are significant and considered in this analysis. Assuming that the transistor current linearly reduces to zero during the fall time t f , the turn-off switching losses are given by the expression [21] 
where I L is the current magnitude at the beginning of the switching time, C n is the normal sized snubber i.e. a value of capacitance which allows the transistor voltage to reach the DC link voltage V DC at the same time when the current reaches zero, C n = I l t f /2V DC .
For values of snubber smaller and larger than the nominal value the turn-off losses are expressed as
The snubber capacitance in this analysis was determined to be 28nF for a worst case fall time as mentioned in the device data sheet. The system power loss can be divided into frequency dependent losses and frequency independent losses. The frequency dependent losses include switching losses in the semiconductor, iron losses in the magnetic core and copper loss of the transformer as the size varies with frequency. On the other hand frequency independent losses include conduction losses, capacitor series resistance losses, etc. The objective is to minimize the total losses in the system and the volume of the transformer to arrive at the optimum switching frequency. The constraints are the operating range of switching frequency in which the system is analyzed. The algorithm was implemented using AMPL and the solver used was KNITRO to handle the non-linear functions. The optimal frequency obtained at the rated operating conditions is 41 kHz with equal weights on the volume and loss. The efficiency driven solution of 12 kHz switching frequency is considered when volume reduction in the transformer is less important. Fig. 8 shows the volume and loss functions varying with operating frequency. The conduction losses in both the plots are consistent as it is frequency independent. Hence, the choice of switching devices has a higher impact on the optimal frequency range.
V. CONCLUSION
A methodology for optimizing the operating frequency of an isolated DAB has been presented in this paper. The main objectives were to reduce the transformer size and losses in the overall system. The optimization process is general enough to assign different weights to the different objectives and this methodology is suitable for other topologies as well. The volume of the transformer is extrapolated from commercially existing core size with an area product approach and the corresponding transformer copper and core losses were established as a function of frequency. The core is designed in a way that it integrates an additional leakage layer which has the capability to control the leakage inductance. The conduction and switching losses of the converter have also been calculated for the determining the optimal frequency.
For a 250 kW converter the optimal frequency by applying equal weights on the volume and losses was found to be 41 kHz and that from an efficiency stand point is 12 kHz. A comparative study of this analysis on different advanced core material will be performed in the future.
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